The intelligent excavating system (IES) aims for the full-scale automation of the excavation process that includes a series of tasks such as movement, excavation, and loading. The core elements of the IES include excavating robots, 3D modeling of surrounding terrains, and the technology for detecting objects accurately (i.e., for detecting the location of nearby loading trucks and humans as well as of obstacles positioned on the movement paths). These are absolutely necessary in ensuring the performance quality and safety of the equipment. This study was conducted to detect the terrains and objects near the location of the intelligent excavating robot via a 3D laser scanning system and to ensure the quality and safety of automated excavation. Moreover, an algorithm for estimating the location, height, width, and shape of objects in the 3D-realized terrain that surrounds the location of the excavator was proposed. The performance of the algorithm was verified via tests inside an actual earthwork field.
INTRODUCTION
The excavator is among the most important equipment The IES project aims to fully automate earthwork operations that consist of a series of tasks that include movement, excavation, and loading. The automation of excavation particularly necessitates a technology for accurately modeling the terrain in which the excavating robot operates. The said task also requires error-proof detection of objects such as loading trucks and humans approaching the excavating robot and the obstacles positioned on its path. Furthermore, the technology for accurately detecting terrains and objects is a core element of the development of the intelligent excavating robot to ensure its performance quality and safety.
In this study, a 3D laser scanning module was used to carry out accurate 3D modeling of the IES's surroundings. The previous review of related studies showed that laser scanning systems had been used to detect objects in the earthwork fields, though the fields were narrow and the types of objects were limited. Thus, there seemed to have been a limitation in the application of the conventional methods to the testing of vast, irregularly-shaped earthwork fields.
This study was conducted to: (a) develop an object detection algorithm using the terrain data that were collected via the 3D laser scanning module of the IES, which were considered the basic information needed for the estimation of the location, height, width, and shape of the objects near the IES; and (b) test the algorithm against actual earthwork fields and verify its performance level.
OBJECT DETECTION FOR IES
The IES collects terrain data via the 3D laser scanner module, in which a 2D laser scanner (SICK LMS-151) is set to rotate at a steady speed via a motor (Figure 1 ). The module creates polar coordinates and gathers terrain data composed of D i, j (the distance between two survey points), Φ i (the motor rotation angle), and θ j (the inner scan angle).
Then an internal processor converts D i, j into P i, j , which is a point on the 3D cartesian coordinates. In this study, attention was given to the shadows of objects, and such information was used to accurately measure the location of objects that are found in irregular terrains. A shadow area is created behind any object that is found to exist on the scan line. For the purpose of this study, the boundary points of the shadow area were estimated to isolate the object.
The boundary of the shadow area can be detected by differentiating the 2D distance of P i, j . With D i, j defined as the 2D distance between P i, j and a point in the scanner, differentiating D against Φ (the scanner rotation angle) would enable the detection of the two points at which the area of the object begins and ends (Fig. 2) . Here, ΔΦ (the interval of Φ) remains the same for as long as the scanner rotates at a steady speed, and may be called a constant. As far as θ j (the inner scan angle) is concerned, the longer the distance is from the point in the sensor, the smaller the mean density of the data is. Furthermore, a scale error is created whereby the mean value of D and the mean of the differential values increase.
In the aforementioned case, estimating two points by applying certain thresholds is impossible. Hence, a variable (S j ) that indicates the differential values in a scale is needed. With θ j serving as the scan angle, S j represents the density of average points and can be calculated as shown in Figure 2 using Equation (1), assuming the terrain is completely level. Moreover, the differential value of P i, j is defined in Equation (2), wherein D i, j (the distance from the starting point) is differentiated against S j and not against Φ. Object pieces, which can be detected with scan lines, are grouped to form a single object via the clustering process.
For this study, the grassfire algorithm was used. As shown in Figure 5 , the boundary of the three sides of a single object, i.e., min(j), min(i start ), and max(i end ), can be detected.
On the contrary, detecting max(j), where the object meets the surface and where the boundary in between is vague, using partial differentiation is infeasible. Therefore, 3D
analysis using elevation must be used instead. for i of the assumed ground line ( G1G2 ) that passes through G1 and G2 is calculated. If the z value is found to be greater than the straight line ( G1G2 ) by T h at the minimum, the terrain will be isolated as the object. Here, T h refers to the threshold that separates the terrain from the object. It was set at 0.15 m in this study. GL(i), the linear function for i of G1G2 , is defined in Equation (4). Table 1 summarizes the location, width, and height of the object. 
FIELD TEST RESULTS
The data that were to be used for the site testing were collected from an actual earthwork field. The ability of IES to detect objects was tested with the target objects, i.e., trucks, humans, and dirt pile. Figure 7 shows the results of the object detection (T d = 5), and the data are summarized in Table 2 . 
CONCLUSION
In this study, an algorithm in which the shadow area boundary was obtained from terrain data using a rotating laser scanner was proposed, and the shape data of various objects were estimated. The proposed algorithm was tested at a site where earthwork operations were underway. It detected all the humans, trucks, and dirt pile that were found at the site without any omission. According to the test results, the distance that enabled the estimation of the truck shape was found to have had a radius of about 15 m.
The results also indicated that the reference height of the object under detection could be adjusted by changing the T d values.
The findings from this study offer a broad range of applicabilities, considering that object detection technology is a core element of IES as well as of automated construction equipment and tele-operated equipment using laser scanning modules.
